A previous study showed that filamentous 
INTRODUCTION
Interest in filamentous phage has in recent years moved from a means of accessing ssDNA for cloning and sequencing (17) to the possibility of presenting peptides or proteins on cellular surfaces (26) . This has opened the field of phage-displayed peptide and antibody libraries and selection by panning of biologically interesting molecules (1, 13, 20) . In vivo selection (2, 19) suggests that it might be possible to use phage as live vectors for specific cell targeting (2, 15, 24) . Because filamentous phage carry ssDNA, it is not immediately obvious that their entry into cells would lead to efficient expression of genes driven by mammalian promoters. The results of Yokoyama-Kobayashi and Kato (32) indicated that this was the case, whereby whole phage complexed to the lipopolyamine Transfectam (or DEAE-dextran) (31) were effectively transfected into various cell lines leading to the subsequent expression of the gene carried by these phage. In the present study, an experimental methodology was used to determine optimum transfection efficiency in a minimum number of experiments, and its results were compared with those using a more standard strategy.
Experimental design approaches (4) allow researchers to solve specific problems either at an early stage (to determine the influence of various parameters affecting an experiment) or later to optimize the system. While experimental design has been used in other fields (6, 14, 18, 21, 23, 25) , its use in cell or molecular biology has been limited. Two recent papers (3,7) have described the usefulness of experimental design in optimizing PCR conditions. Also, Yin and Carter (30) used an incomplete factorial design and a response surface method to optimize the yield of RNA transcription in an in vitro T7 RNA transcription assay. The uniform shell experimental technique of Doehlert (8) was used by Ganne and Mignot (10) to optimize the expression of factor VIII production in CHO cells by assessing the effects of two different growth factors, human transferrin and insulin. Here, we have also used a Doehlert matrix to optimize transfection conditions for two different factors: the quantity of phage and lipid. We show that this approach is readily applicable to phage transfection, with an obvious extension to DNA transfection and significant savings both in terms of time and number of experiments. Additionally, we have extended the analysis of transfection to the comparison of different cationic lipids on two cell lines. protein (GFP) gene was similarly amplified from pGFP-1 (Clontech Laboratories, Palo Alto, CA, USA) and then inserted into pCR3.1.
Lipids
Transfectam ® was purchased from Promega. TC1-12 was a gift from Dr. Jean Heansler (Formulation Center, Aventis Pasteur). γ -AP-DLRIE/DOPE or GAP-DLRIE/DOPE (29) was obtained from Vical (San Diego, CA, USA) and RPR120535b (5) from Gerardo Byk (RPR/GENCELL, Vitry, France).
Phage Preparation
For proper transfection into mammalian cells in the presence of cationic lipids, phage had to be prepared in such a way to ensure the absence of major contaminants, particularly bacterial DNA, which we found interfered with lipid-based transfection. The following protocol was established. Plasmids were transferred to bacterial strain 71-18 (Stratagene, La Jolla, CA, USA) for phage stock preparation. From an overnight 2-mL culture from a single colony, a 100-mL or 500-mL culture was grown to an A 600 of 0.6 before adding helper phage VCSM13 (about 10 12 pfu). After 1 h at 37°C, the culture was incubated overnight at 30°C. Phage were recovered by standard polyethyleneglycol (PEG) precipitation (22) and resuspended in 1 to 5 mL 10 mM TrisHCl (pH 8.0). MgCl 2 was added to a final concentration of 0.3 mM, followed by DNase (10 U/mL) (Sigma-Aldrich, Saint-Quentin-Fallavier, France). Digestion was maintained for 1-2 h at room temperature, and the reaction was stopped by the addition of 3 mM EDTA. The absence of contaminating DNA before and after DNase treatment was monitored by gel electrophoresis. Phage were then filter-sterilized by passing through Millex ® 0.45-and 0.22-µ m filters (Millipore, Saint Quentin en Yvelines, France). Titers were determined on competent 71-18 cells. (27) 
Transfection

CHO (DHFR-)
Protein Analysis
The other half of the cells recovered in 100 µ L distilled water as above was used to assay for total protein concentration by a BCA protein assay (Pierce Chemical, Rockford, IL, USA) according to the manufacturer's instructions. Analysis was peformed on a v MAX kinetic microplate reader (Molecular Devices, Sunnyvale, CA, USA).
FACS Analysis
pGFP-transfected or control cells, resuspended in PBS, were analyzed for fluorescence emission at 525 nm on a Beckton Dickinson (Franklin Lakes, NJ, USA) FACScan ™flow cytometer (25-mW laser at 488 nm).
Experimental Design
An experimental design (Table 1) proposed by Doehlert (8) was used to determine optimal conditions with two quantitative variables: phage and lipid. When the extreme values of the parameters are coded -1 and +1 (Table 1 ), the matrix makes it possible to explore a circular domain of radius 1. One major advantage is that the matrix limits experiments to N=K 2 +K+1 data points (where N is the number of experiments and K the number of variables) distributed evenly within the chosen domain space. Another advantage of this approach is that it is possible to easily extend the field of study (should it lie outside the optimum) to a neighboring space by taking the adjacent network because of the complementarity of the rhombic shell domains. The response is modelized by a second order polynomial equation which for two variables (X and Y) is: Y = β o + β 1 X 1 + β 2 X 2 + β 11 X 1 2 + β 22 X 2 2 + β 12 X 1 X 2 + ε , where β i are coefficients corresponding to the relative influence of each variable on the response and ε the experimental error. The corresponding esti - Once validated, the model makes it possible to predict the evolution of the response at any point in the domain. Generally, only the central point is repeated three times-for variability assessments sufficient to test the significance of the β i coefficients and to ensure a uniform precision over the entire domain.
Analysis of variance is carried out to test both the significance of the regression and to estimate whether the model adequately describes the observed data. To test the significance of the regression, an F-ratio is obtained by dividing the mean square of the regression by the residual mean square. The corresponding P -value must then be less than 0.05 to ensure significance. The lack-of-fit test is performed by comparing with an F test the variability of the model residuals to the variability between observations at replicate values. If the corresponding P -value is less than 0.10, then there is a significant lack-of-fit of the model at the 90% confidence level. each coefficient is evaluated by a Student's t test (at a 95% confidence level). The lipid assessed by this approach was RPR120535b, which had given apparently the best initial results in CHO cells. The domain was initially estimated from previous phage vs. lipid experimental curves (see Results) ( Figure 1) . Extension to the adjacent domain was applied to CHO cells for which the optimum was found to lie outside the initial domain (Figure 2 ). In this particular case, to ensure better statistical validation, each point was repeated twice and the central point six times. Furthermore, in the experiment presented here, the two matrices were performed concurrently, and because of the complementarity of the domains, common experimental points were not repeated.
All calculations were carried out on the NEMROD software (16) .
RESULTS
Effect of Cationic Lipids on Transfection
We first set out to confirm the results of Yokoyama-Kobayashi and Kato (32) with Transfectam in a standard response curve, which we then compared to those obtained with the structurally similar lipid, RPR120535b, and then extended to two other distinct lipids, TC1-12 and GAP-DLIRIE-DOPE (29) . Results with RPR120535b are presented in Figure 1 for both CHO and Cos-7 cells in terms of activity of luciferase/mg of protein/amount of phage DNA transfected (taking 1 ng ssDNA as corresponding to approximately 3 ×10 8 phage) vs. quantity of lipid. Responses appear bell-shaped in relation to both amounts of lipid (optima between 5 and 15 µ g) and phage (optima between 20 and 100 ng DNA), as would be expected in this case (9, 11, 32) . For CHO cells, RPR120535b was found to be more efficient, while Transfectam was more efficient on Cos-7 cells (data not shown). Transfection efficiencies for the two other lipids were found to be much lower, by at least a factor of 10, with TC1-12 faring the worst (data not shown).
Optimization by Experimental Design
Response curves of luciferase activity vs. amount of phage transfected (Figure 1 ) make it difficult to determine optimal conditions of transfection efficiency, and it became clear that there was no strict linear relationship with increasing lipid. To optimize transfection efficiency, we have used the approach of experimental design, which has rarely been used in such studies, but seems well suited for situations when there are clearly defined variables. Here, we have used a uniform shell matrix initially developed by Doehlert (8) in which the studied variables were limited to the amounts of lipid and phage such that the number of experimental points is 7 (with the central point being repeated three times for statistical evaluation). This approach is particularly useful to explore a domain in which a curvature may be expected. This method was applied to the transfection of phage into both CHO and Cos-7 cells in the presence of the lipid RPR120535b. Data obtained are given in Tables 1 and 2 and results presented in Figure 2 , either as isoresponse curves (for CHO) or as a three-dimensional (3-D) representation (for Cos-7).
The initial domain performed on CHO cells, and chosen based on the results of standard curves (Figure 1 ), analyzed transfection conditions between 1 and 20 µ g lipid and between 1 and 100 ng phage DNA. The F tests indicate that regression is significant ( P< 0.0001) and that the polynomial model is statistically valid with regard to the estimated experimental error ( P= 0.99). The R 2 value is equal to 0.89, which means that 89% of the variability of the response can be explained by the model. Also, none of the standardized residuals (Table 1) are over 2, which confirms that the model can predict the response for all the experimental conditions. Nevertheless, as can be seen from experiments were performed on the adjacent domain (Table 1 , second domain). This complementary matrix ( Figure 2B ) makes it possible to evaluate the response between 50.5 and 149.5 ng phage DNA and between 5.8 and 25 µ g lipid. Statistical analysis gives an R 2 value of 0.71, the F tests show a significant regression ( P < 0.001) and a good fit of the polynomial model ( P= 0.238). Moreover, none of the standardized residuals is higher than 1.68 (except for one of the six central points that, with a residual of 3.02, was excluded from the analysis). The equation describing the model is: Cells were transfected with the indicated amounts of lipid (RPR120535b = RPR in µ g) and phage (in ng ssDNA) and luciferase activity measured at 48 h as described in Materials and Methods. The first domain was chosen on the basis of initial results (Figure 1) . It was then extended to the adjacent, second domain (see text for explanation) to identify optimal conditions. For the second domain, values in boldrepresent the complementary experimental points performed.
Based on these results, we extended our analysis to Cos-7 cells with standard experimental conditions (i.e., the central point repeated three times and all other experimental points once). Results are given in Table 2 and shown in Figure 2C as a 3-D representation. While the power of statistical validation is reduced, to evaluate the model, we have limited ourselves to examining residuals (Table 2) Only the two square terms are significant ( P= 0.001) and negative, explaining the bell-shaped curve represented in the 3-D contour plot ( Figure 2C ). The optimum is found to be situated around 10 µ g lipid and 50 ng phage DNA.
To further test the models, we independently performed experimental points corresponding to both the optimum and conditions outside the domains. In the latter case, we tested the effect on efficiency of increasing amounts of optimal complex (i.e., at the optimal ratio of lipid to phage) on CHO cells. These experiments indicated that, at higher levels of the complex (2 × and 4 × ), expression tended to fall from the optimum, in part because of the toxicity of the complex, as nearly half the cells died within 48 h at the 4 × point (results not shown). We also tested transfection at 200 ng phage DNA for 20 µ g lipid, which as expected gave a value below the optimum (results not shown).
FACS Analysis
We extended our analysis of transfection efficiency by assaying the activity of GFP by FACS analysis. Cells were transfected with phage (pM 40 carrying the gene for GFP) in the presence of either Transfectam or RPR120535b recovered after 48 h for FACS analysis under conditions of optimal transfection as determined above. Results suggest that up to 60% of Cos-7 cells are effectively transfected in the presence of Transfectam, and approximately 50% with RPR120535b. With CHO cells, the data with Transfectam indicate that around 50% of cells display significant fluorescence but only 35% with RPR120535b. These results are in general conformity with expression levels.
DISCUSSION
We have confirmed that filamentous phage can be efficiently transfected into mammalian cells in the presence of cationic lipids. To confirm and extend the results obtained from standard response curves, we chose an approach based on experimental design, the Doehlert matrix (which examined the influence of two variables, the amounts of lipid and phage) on transfection efficiency. While the former approach made it possible to localize initial domains of phage and lipid, we were interested in comparing the two strategies. Thus, a comparison of the results obtained by the two methodologies leads to the following conclusions. Standard response curves required 25 points, each repeated three times (i.e., 75 experiments). In contrast, with the latter approach, statistically valid optimal conditions may be obtained for two parameters with a set of 10 experiments covering seven data points generated over the same domain (this was achieved with Cos-7 cells). This not only means that all experiments can more easily be performed at the same time but also that the concomitant effect of other factors (e.g., cell preparation) can be neutralized.
Another advantage of the Doehlert matrix (which reduces the number of experiments to be performed) is its property of sequentiality. The initial rhombic shell domain that defines seven different experiments (for two parameters) can thus be completed by only four more experiments by using three of the results of the first shell to explore the adjacent domain. We have used this property in the case of CHO cells to find optimal conditions for the two factors analyzed, those not found in the first shell (Figure 2) . In this case, we Experimental conditions are the same as for CHO cells (Table 1) .
also observed a correct superposition of the response curves from the two shells, which tends to confirm the mathematical approach-more precise optimal conditions are generated by experimental design. In fact, some differences may be observed between the two approaches for both CHO and Cos-7 cells (compare Figures 1 and 2 ). For example, for Cos-7 cells, the optimum from the standard curve may be taken to be 10 µ g RPR120535b and 100 ng (or possibly more) phage DNA compared to 10 µ g and 50 ng, respectively, by experimental design. While the model has been applied only to the analysis of transfection conditions of filamentous phage, it is clear that it can be applied to any other molecule, particularly DNA. In fact, because of the stacked nature of the phage coat, with charges mostly represented by the five exposed N-terminal amino acids of pVIII, present in 2700 copies (28) , the interaction of cationic lipids with negatively charged amino acids of the coat is not too different from that with dsDNA.
It can be seen from the 3-D representation for Cos-7 cells ( Figure 2C ) that transfection follows a bell-shaped curve, which, in the case of Cos-7 cells, seems perfectly symmetrical around the optimal conditions. Of particular interest is the curvature observed along the lipid axis. This observation differs from that of Yokoyama-Kobayashi and Kato (32) , but it should be noted that these workers did not examine the effect of Transfectam at doses higher than 12 µ g/transfection, which is close to the optima observed, while we have examined up to 20 µ g where efficiency is definitively reduced (for Transfectam and RPR120535b) (results not shown). A possible explanation for this is related to the incapacity of the lipids to efficiently neutralize the charges on the surface of the phage at higher phage doses. However, if this were the only explanation, one would expect a plateau rather than a decline in efficiency. A more likely explanation is that this reduction is linked to the toxicity of the lipid or lipid-phage complex on cells. This is confirmed by experiments in which the quantity of the lipid-phage complex was increased per transfection. A decrease in transfection efficiency was observed at the higher doses, accompanied by a significant decrease in cell viability with increasing complex.
The relative effectiveness of cytofectins for CHO cells appears to be Transfectam = RPR120535b>GAP-DLRIE-DOPE>TC1-12, while for Cos-7 cells, the order is Transfectam> RPR120535b>>GAP-DLRIE-DOPE> TC1-12. For both cell lines, TC1-12, which only carries one positive charge
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per molecule, gives the lowest efficiency of transfection. Since association of phage with lipid, as with DNA, is a matter of charge ratio, it seemed reasonable to assume that by augmenting the ratio of TC1-12/phage, one would compensate for the lack of charges on the lipid. In fact, this is not the case because of the toxicity of the lipid complex to the cells (results not shown). Transfectam and RPR120535b both have very similar structures (5), and each bears four charges, while GAP-DLRIE-DOPE has two positive charges (29) . This suggests that efficiency is at least in part related to the number of charges on the lipid, secondarily to its structure.
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